1. Introduction {#sec1-brainsci-10-00365}
===============

The guinea pig is a translationally relevant animal model for preclinical studies of disorders that afflict the developing and the aging brain \[[@B1-brainsci-10-00365],[@B2-brainsci-10-00365],[@B3-brainsci-10-00365]\]. In developmental neurobiology and neurotoxicology, the guinea pig is a valuable model, because the temporal development of its brain closely resembles that of the human brain \[[@B4-brainsci-10-00365],[@B5-brainsci-10-00365]\]. Likewise, placentation and hormonal control of pregnancy in humans and guinea pigs are remarkably similar \[[@B2-brainsci-10-00365]\]. In addition, levels of metabolic enzymes that inactivate a number of developmental neurotoxicants, particularly organophosphorus compounds, are more comparable between humans and guinea pigs than rats or mice \[[@B6-brainsci-10-00365]\]. In the neurobiology of aging, guinea pigs have emerged as a unique model for sporadic Alzheimer's disease (AD), in part because of their genetic profile. Specifically, the sequence of numerous proteins known to be involved in the pathophysiology of AD, including amyloid precursor protein (APP), amyloid β (Aβ) peptides, and prenesilin 1, are highly homologous, and in some cases identical, between humans and guinea pigs \[[@B7-brainsci-10-00365],[@B8-brainsci-10-00365]\]. Guinea pigs also express the truncated presenilin 2 isoform (PS2V), which is found at high levels in the brain of AD patients and has been shown to increase Aβ peptide production, as well as two alternative splicing products of the tau protein-encoding gene that modulate the formation of neurofibrillary tangles \[[@B9-brainsci-10-00365]\].

A notable disadvantage for the use of guinea pigs to model disorders of the developing or the aging brain is the limited information available regarding the structural characteristics of the guinea pig brain at different ages using modern imaging techniques. Only hand-drawn atlases and histological figures of the adult guinea pig brain are currently available \[[@B10-brainsci-10-00365],[@B11-brainsci-10-00365],[@B12-brainsci-10-00365]\]. While atlas-level neuroanatomic segmentation is not the major focus of the present study, we used specific modalities of *in vivo* magnetic resonance imaging (MRI), with the objective of characterizing the age-dependent structural and microstructural alterations of the brain of male guinea pigs, as they grew from juvenile age (postnatal day (PND) 18--25) to adolescence (PND 46--51) and young adulthood (PND 118--123). The specific MRI methods used in this study include diffusion kurtosis imaging (DKI), T~2~-weighted anatomical scans, and T~2~ relaxation map images. Limited T2 anatomical volumes were used: (i) to provide context for the other measures and guidance for more detailed structural MRI atlases to come and (ii) to show gross evidence of brain growth over the maturational stages.

DKI is an extension of diffusion tensor imaging (DTI) that adds a series of kurtosis measures accounting for the non-Gaussian effects of biological barriers to diffusion \[[@B13-brainsci-10-00365]\]. The added value of DKI is that it provides the standard DTI measures such as fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD), in addition to the corresponding measures of kurtosis such as mean kurtosis (MK), axial kurtosis (AK) and radial kurtosis (RK). The standard DTI parameters are very sensitive to white matter integrity \[[@B14-brainsci-10-00365],[@B15-brainsci-10-00365]\] and are widely used in MRI research. The novel kurtosis parameters provide information regarding the complexity of the tissue microstructure based on barriers to water diffusion \[[@B16-brainsci-10-00365],[@B17-brainsci-10-00365]\]. As such, DKI has shown great promise as a sensitive measure of microstructural changes in both gray and white matter \[[@B18-brainsci-10-00365]\]. Recently, it has been used successfully to detect gray-matter microstructural remodeling in mouse models of Parkinson's disease \[[@B19-brainsci-10-00365],[@B20-brainsci-10-00365]\] and acute alcohol intoxication \[[@B21-brainsci-10-00365]\], as well as in mouse \[[@B22-brainsci-10-00365]\] and rat models of traumatic brain injury \[[@B23-brainsci-10-00365]\]. According to clinical studies, DKI may also be instrumental in the diagnosis of Parkinson's disease \[[@B24-brainsci-10-00365]\], detection of Huntington's disease pathology \[[@B25-brainsci-10-00365]\], characterization of the pathophysiology of mild cognitive impairment/Alzheimer's disease \[[@B26-brainsci-10-00365],[@B27-brainsci-10-00365]\], and identification of microstructural changes in the developing brain \[[@B28-brainsci-10-00365]\]. A common conclusion to these studies was that DKI shows far more sensitivity to microstructural alterations in gray matter than standard DTI metrics.

T~2~ relaxation mapping enables the visualization of tissue water content, which has long been known to decrease during maturation \[[@B29-brainsci-10-00365],[@B30-brainsci-10-00365]\]. The displacement of water in the brain is in turn related to the ongoing process of myelination during brain maturation. Typically, the developing brain shows an age-dependent decrease in T~2~ relaxation time, with the steepest decreases occurring during periods of myelination \[[@B31-brainsci-10-00365],[@B32-brainsci-10-00365]\]. T~2~ relaxometry also serves as an adjunct measure to complement and inform the interpretation of T~2~-weighted images and diffusion kurtosis images.

This study was designed to demonstrate whether age-dependent structural characteristics of the guinea pig brain can be reliably and feasibly detected using MRI structural images, DKI, and relaxometry. To our knowledge, this is the first longitudinal in vivo brain imaging study of age-related structural characteristics of the brain of male Hartley guinea pigs at three postnatal neurodevelopmental ages.

2. Materials and Methods {#sec2-brainsci-10-00365}
========================

2.1. Animal Model {#sec2dot1-brainsci-10-00365}
-----------------

A cohort of six male Hartley guinea pigs (Charles River Laboratories, Wilmington, MA, USA) was studied longitudinally at PND 18--25, PND 46--51, and PND 118--123. These ages were chosen to conform with known landmarks in metabolic and brain maturity. Specifically, at approximately three weeks of age (pre-adolescence), xenobiotic-metabolizing enzymes, including the carboxylesterases that inactivate organophosphorus compounds, are fully developed in guinea pigs \[[@B6-brainsci-10-00365]\]. At PND 45--70, male guinea pigs undergo puberty and experience significant hormonal changes and hippocampal remodeling, while at approximately three months of age, they are sexually mature adults \[[@B33-brainsci-10-00365],[@B34-brainsci-10-00365],[@B35-brainsci-10-00365]\]. The ages of individual animals were known to be within the one-week range, as indicated by the vendor. Animals were euthanized after the last (adult stage) imaging acquisition. All experiments were carried out in accordance with a protocol approved by the University of Maryland School of Medicine IACUC regarding the care and use of animals and with the principles of the 1996 Guide for the Care and Use of Laboratory Animals (\#0610001).

2.2. In Vivo MRI {#sec2dot2-brainsci-10-00365}
----------------

All experiments were performed on a Bruker Biospec 7.0 Tesla 30-cm horizontal bore scanner, with a BGA20S gradient system capable of producing pulse gradients of 100 mT/m in each of the three axes and interfaced to a Bruker Paravision 5.0 console. A Bruker four-element ^1^H surface coil array was used as the receiver and a Bruker 154-mm circular coil as the transmitter. Animals were anesthetized using O~2~ (1 L/min) and 2--4% isoflurane, then placed prone in an animal holder with the radiofrequency coil over the cranium. Anesthesia was maintained with a mask fitted to the face of the animals. MR methods used to track guinea pig brain maturation are described in detail below and included T~2~-weighted anatomical imaging, T~2-~relaxometry, and DKI acquisitions. These methods were chosen to track growth-related changes in volume and morphometry, brain tissue water diffusion characteristics, and microstructural integrity, respectively. The approximate total time in the scanner was 55 min for each session.

The DKI acquisition consisted of a single-shot spin-echo echo-planar imaging (EPI) sequence in the coronal plane with TR/TE~eff~ of 8500/45 ms, matrix size 96 × 96, 1-mm slice thickness, 5 images at 0 s/mm^2^ followed by two b-values at 1000 s/mm^2^ and 2000 s/mm^2^ using 30 diffusion directions, with 24 slices and 2 averages. Images were reconstructed off-line using DKI reconstruction \[[@B17-brainsci-10-00365]\]. The total imaging time was 18 min, 25 s.

T~2~-weighted coronal Magnetic Resonance (MR) images were obtained using a fast-spin echo technique with a repetition time/effective echo time (TR/TE~eff~) of 8575/43 ms, 8 echoes, 35 × 35 mm^2^ field-of-view, 256 × 256 matrix size, 1-mm slice thickness, 40 slices, and 2 averages with coverage from the olfactory bulb to the posterior cerebellum. Total imaging time was 9 min, 9 s. To obtain T~2~-relaxation maps, a multi-slice multi-echo spin echo (MSME) sequence was used to probe changes in water content indicative of tissue maturity. A lower T~2~-relaxation value indicates lower water content, and, hence, greater tissue maturity \[[@B29-brainsci-10-00365],[@B31-brainsci-10-00365]\]. Four slices of the MSME spin echo images were obtained using an 8-echo read-out, where the echoes were spaced at 13 ms and ranged from 13--104 ms. The sequence used a full 180° refocusing pulse at a TR of 4s and the images were obtained at a matrix size of 256 × 256, slice thickness of 1 mm, using a single average. The four slices through the forebrain were carefully selected to enable region of interest (ROI) measurement of the T~2~-relaxation time in the amygdala, hippocampus, striatum, and thalamus. Total time was 12 min, 48 s. T2-maps were generated using an in-house developed software.

2.3. Data Processing {#sec2dot3-brainsci-10-00365}
--------------------

T~2~-weighted images were used to manually identify the regions of the forebrain after being imported to the Medical Image Processing, Analysis, and Visualization software (MIPAV v7.4.0, CIT, NIH, Bethesda, MD, USA; McAuliffe et al., 2001)\[[@B36-brainsci-10-00365]\]. Volume measures (in mm^3^) were derived by MIPAV from voxel counts within each segment and were used to calculate cerebrospinal fluid (CSF), parenchyma (tissue only), and total intracranial volume (CSF + Parenchyma). Manual skull stripping was performed on all T2-weighted guinea pig images and a guinea pig brain atlas \[[@B11-brainsci-10-00365]\] was used as a reference to aid in the identification of major anatomical landmarks. Please see [Figure A1](#brainsci-10-00365-f0A1){ref-type="fig"} for a representative T2 anatomical acquisition.

Images obtained from the DKI acquisition were motion-corrected and reconstructed using an in-house-developed software in MATLAB (version 7.14 R2012A, Mathworks, Natick, MA, USA), according to a previously published method \[[@B17-brainsci-10-00365]\]. This method was used to generate maps of the various diffusion parameters including FA, MD, RD, AD, RK, and MK. These parameters provide measures of the directional preference of water diffusion (FA), mean diffusion or kurtosis in all directions (MD, MK), and diffusion or kurtosis in the axial and radial directions (AD, AK, RD, RK).

Regions of interest (ROIs) analyzed in diffusion images included the corpus callosum, parietal cerebral cortex, dorsal hippocampus, thalamus, dorsal and ventral striatum, and the amygdala (see [Figure 1](#brainsci-10-00365-f001){ref-type="fig"}). Given the EPI distortion in the DKI images, these ROIs are representative portions of these structures rather than parcellations of the entire structure. Please see [Figure A2](#brainsci-10-00365-f0A2){ref-type="fig"} for the extent of image distortion using the diffusion echo-planar imaging sequence in representative slices from the FA, MD, and MK maps. Laterally non-continuous ROIs, such as the amygdala and striatum, were pooled as combined voxel means. Several consecutive slices were selected for each ROI, dependent upon their visibility in the coronal view. The corpus callosum was selected to provide a white matter reference and included 5--6 medial slices covering the area of the corpus callosum located between the cingulum bundles bilaterally. The parietal cerebral cortex and thalamus spanned over the same 2--3 slices used for the dorsal hippocampus for consistency. The striatum included 3--4 slices from its first visible rostral appearance and likewise with the 1--2 slices for the amygdala from when it was first visible. See [Figure 1](#brainsci-10-00365-f001){ref-type="fig"}A for a representative example of the MD parameter with highlighted ROIs.

To measure regional T~2~-relaxation values, ROIs were manually outlined in images obtained in the first echo of the MSME sequence and extended to the rest of the multiple echo images. These ROIs included the amygdala, parietal cerebral cortex, dorsal hippocampus, striatum, and thalamus ([Figure 1](#brainsci-10-00365-f001){ref-type="fig"}B). The data from each of the echoes was then fit to a single exponential T~2~-decay curve, from which the time constants were estimated.

2.4. Statistical Analysis {#sec2dot4-brainsci-10-00365}
-------------------------

Statistical comparisons were made using the multivariate General Linear Model (GLM) Repeated Measures function in SPSS (SPSS Statistics for Windows, Version 21, IBM Corp., Armonk, NY, USA). The three chosen developmental time points (juvenile, adolescent, adult) were used as a within-subject repeated measures factor, following the six male guinea pigs over the course of maturation. The Tukey post-hoc test was used for pairwise comparisons between the developmental time points.

3. Results {#sec3-brainsci-10-00365}
==========

3.1. Brain Growth during Postnatal Maturation {#sec3dot1-brainsci-10-00365}
---------------------------------------------

Total intracranial volume increased by approximately 15% and 11%, with maturation between the juvenile and adolescent ages and between the adolescent and young adult ages (F(2,10) = 490.64, *p* \< 0.001), respectively ([Table 1](#brainsci-10-00365-t001){ref-type="table"}). Length, as measured from the anterior olfactory bulb to posterior cerebellum, increased by 15% (F(2,10) = 47.5, *p* \< 0.001), and brain width between the temporal poles increased by 8% (F(2,10) = 262.04, *p* \< 0.001), from juvenile to young adult ages ([Table 1](#brainsci-10-00365-t001){ref-type="table"}). The same pattern of growth is evident regarding the brain parenchymal (white and gray matter) tissue volume, which increased by about 28% from juvenile age to adulthood (F(2,10) = 611.79, *p* \< 0.001). The CSF volume increased by \~50% during the same time frame (F(2,10) = 46.66, *p* \< 0.001) ([Table 1](#brainsci-10-00365-t001){ref-type="table"}). The T2-weighed images from which these measures were derived had a relatively large slice thickness (1 mm). This resulted in partial volume effects that precluded the accurate parcellation of finer structures or reliable segmentation. See [Figure A2](#brainsci-10-00365-f0A2){ref-type="fig"} for a qualitative display of a representative T2-weighted image of the adolescent male guinea pig brain.

Body weight increased at a much faster rate than brain volume, as expected for a precocial species ([Table 1](#brainsci-10-00365-t001){ref-type="table"}). Between the juvenile and adolescent ages and between the adolescent and young ages, the body weight of male guinea pigs increased by approximately 88% and 85%, respectively (F(2,10) = 1219.35, *p* \< 0.001).

Body weight and brain volumetric measures from male guinea pigs subjected to in vivo MRI at PND 18--25 (juvenile), PND 46--51 (adolescent), and PND 118--123 (young adult). "Intracranial" volume represents the sum of the parenchyma and CSF volumes. Brain length was measured from anterior olfactory bulb tip to the posterior end of the cerebellum; brain width was measured from the far-left to the far-right temporal poles.

3.2. Age Dependency of Whole Brain T2, FA, Diffusivity, and Kurtosis Measures {#sec3dot2-brainsci-10-00365}
-----------------------------------------------------------------------------

Age had no significant effect on T2 values obtained from the whole brain ([Figure 2](#brainsci-10-00365-f002){ref-type="fig"}A). On the other hand, whole-brain FA increased with age (F(2,10) = 203.2, *p* \< 0.001) ([Figure 2](#brainsci-10-00365-f002){ref-type="fig"}B). Whole brain AD also increased significantly with age (F(2,10) = 9.27, *p* = 0.005), whereas RD decreased significantly as the animals matured (F(2,10) = 6.32, *p* \< 0.017). Based on post-hoc statistical data analysis, whole brain AD increased, and RD decreased significantly from PND 18--25 to PND 46--51 and did not change significantly between PND 46--51 and PND 118--123 ([Figure 2](#brainsci-10-00365-f002){ref-type="fig"}C). Whole brain MD remained constant from PND 18--25 to PND 118--123.

Age had a significant effect on whole brain MK (F(2,10) = 6.31, *p* = 0.017), AK (F(2,10) = 8.37, *p* = 0.007), and RK (F(2,10) = 4.81, *p* = 0.034). Post-hoc analyses showed that values obtained from guinea pigs at PND 18--25 and PND 118--123 differed significantly ([Figure 2](#brainsci-10-00365-f002){ref-type="fig"}D).

3.3. Age Dependence of Regional FA {#sec3dot3-brainsci-10-00365}
----------------------------------

As the guinea pigs matured, FA within most ROIs increased, as it did at the whole brain level ([Figure 3](#brainsci-10-00365-f003){ref-type="fig"}A--E). Specifically, age had a significant effect on FA in the amygdala (F(2,10) = 35.42, *p* \< 0.001), corpus callosum (F(1.03, 5.12) = 16.26, *p* = 0.009), dorsal hippocampus (F(2,10) = 5.59, *p* = 0.023), striatum (F(2,10) = 60.48, *p* \< 0.001), and thalamus (F(2,10) = 20.43, *p* \< 0.001). The predominantly gray matter region of the parietal cerebral cortex was the only analyzed ROI that did not show statistically significant age-dependent changes in anisotropy ([Figure 3](#brainsci-10-00365-f003){ref-type="fig"}F).

A post-hoc analysis revealed that, in the corpus callosum, age-dependent increases in FA were limited to the transition from the juvenile to the adolescent age, as FA increased significantly from PND 18--25 to PND 46--51 and did not differ statistically between PND 46--51 and PND 118--123 ([Figure 3](#brainsci-10-00365-f003){ref-type="fig"}A). By contrast, in the thalamus, age-dependent increases in FA occurred during the transition from adolescence to young adulthood, with FA being comparable between PND 18--25 and PND 46--51 and significantly larger at PND 118--123 than at the younger ages ([Figure 3](#brainsci-10-00365-f003){ref-type="fig"}C). In the striatum and amygdala, FA increased progressively from PND 18--25 to PND 46--51 and from PND 46--51 to PND 118--123 ([Figure 3](#brainsci-10-00365-f003){ref-type="fig"}B,D). Finally, in the dorsal hippocampus, age-dependent increases in FA occurred at a slow rate, such that FA values measured at PND 118--123 were found to be significantly larger than those measured at PND 18--25 ([Figure 3](#brainsci-10-00365-f003){ref-type="fig"}E).

3.4. Age Dependence of Regional Diffusivity Measures {#sec3dot4-brainsci-10-00365}
----------------------------------------------------

In the corpus callosum, age had a significant effect only on AD (F(2,10) = 7.35, *p* = 0.011); RD and MD remained constant with age ([Figure 4](#brainsci-10-00365-f004){ref-type="fig"}A). Based on the post-hoc analysis, AD in the corpus callosum increased significantly from PND 18--25 to PND 46--51 and remained unaltered thereafter, suggesting that AD may be the main driver of FA changes.

More complex age dependencies were observed on AD, RD, and MD in the striatum and thalamus. In the striatum, age had a significant effect on AD (F(2,10) = 6.33, *p* = 0.017) and RD (F(2,10) = 8.32, *p* = 0.007), but not on MD. While striatal AD increased significantly from PND 18--25 to PND 46--51 and remained unchanged thereafter, striatal RD decreased significantly from PND 18--25 to PND 118--123 ([Figure 4](#brainsci-10-00365-f004){ref-type="fig"}B). In the thalamus, age also had a significant effect on AD (F(2,10) = 14.16, *p* = 0.001) and RD (F(2,10) = 5.26, *p* = 0.027), but not on MD. While thalamic AD increased significantly from PND 18--25 to PND 46--51 and remained unchanged thereafter, thalamic RD decreased significantly from PND 46--51 to PND 118--123 ([Figure 4](#brainsci-10-00365-f004){ref-type="fig"}C).

The amygdala and dorsal hippocampus shared another pattern of development, wherein age had a significant effect on MD and RD, but not on AD. In the amygdala, there were age-related decreases in both MD (F(2,10) = 4.70, *p* = 0.036) and RD (F(2,10) = 16.77, *p* \< 0.001), with values measured at PND 118--123 being significantly lower than those measured at PND 18--25 ([Figure 4](#brainsci-10-00365-f004){ref-type="fig"}D). Likewise, in the hippocampus, age had a significant effect on MD (F(2,10) = 10.96, *p* = 0.003) and RD (F(2,10) = 39.50, *p* \< 0.001), with both values being significantly lower at PND 118--123 than at younger ages ([Figure 4](#brainsci-10-00365-f004){ref-type="fig"}E). The predominantly gray matter region of the parietal cerebral cortex was the only analyzed ROI in which age had no significant effect on AD, RD, or MD ([Figure 4](#brainsci-10-00365-f004){ref-type="fig"}F).

3.5. Age Dependence of Regional Kurtosis Measures {#sec3dot5-brainsci-10-00365}
-------------------------------------------------

Diffusion kurtosis measures in all studied ROIs were consistently sensitive to age in the male guinea pigs. In the corpus callosum, age had a significant effect on MK (F(2,10) = 12.48, *p* = 0.002), AK (F(2,10) = 9.35, *p* = 0.005), and RK (F(2,10) = 22.04, *p* \< 0.001), with all three values being significantly larger at PND 118--123 than at each of the two younger ages ([Figure 5](#brainsci-10-00365-f005){ref-type="fig"}A). In the striatum, age also had a significant effect on MK (F(2,10) = 4.91, *p* = 0.033), AK (F(2,10) = 5.44, *p* = 0.025), and RK (F(2,10) = 4.75, *p* = 0.035), with all three values being larger at PND 118--123 than at PND 18--15 ([Figure 5](#brainsci-10-00365-f005){ref-type="fig"}B). Age had a significant effect on thalamic MK (F(2,10) = 4.69, *p* = 0.037), thalamic AK (F(2,10) = 7.23, *p* = 0.011), amygdalar MK (F(2,10) = 4.93, *p* = 0.032), and amygdalar AK (F(2,10) = 8.29, *p* = 0.008), with all values being significantly larger at PND 118--123 than at PND 18--25 for each ROI ([Figure 5](#brainsci-10-00365-f005){ref-type="fig"}C,D). In the dorsal hippocampus, age only had a significant effect on AK (F(2,10) = 4.54, *p* = 0.039), with hippocampal AK increasing significantly from PND 18--25 to PND 118--123 ([Figure 5](#brainsci-10-00365-f005){ref-type="fig"}E).

The pattern of temporal development of the parietal cerebral cortex was unique compared to that of the other brain regions. Age had a significant effect on AK (F(2,10) = 14.14, *p* = 0.001), RK (F(2,10) = 9.04, *p* = 0.006), and MK (F(2,10) = 8.21, *p* = 0.008). However, while AK measured at PND 118--123 was significantly larger than that measured at younger ages and MK measured at PND 118--123 was significantly larger than that measured at PND 46--51, RK decreased significantly from PND 18--25 to PND 46--51 and remained unchanged thereafter ([Figure 5](#brainsci-10-00365-f005){ref-type="fig"}F).

3.6. Age Dependence of Regional T~2~ Relaxation Time {#sec3dot6-brainsci-10-00365}
----------------------------------------------------

In predominantly white matter-enriched ROIs, age had a significant effect on T~2~ relaxation time. Specifically, a significant age-dependent reduction in T~2~ values was observed in the corpus callosum (F(2,10) = 67.62, *p* \< 0.001) ([Figure 6](#brainsci-10-00365-f006){ref-type="fig"}A). A post-hoc multi-group comparison indicated that T~2~ values obtained from the corpus callosum of adolescent and young adult male guinea pigs were different from each other and from juvenile animals, with values decreasing by nearly 20% from PND 18--25 to PND 118--123 ([Figure 6](#brainsci-10-00365-f006){ref-type="fig"}A). Smaller, albeit statistically significant, age-dependent reductions in T~2~ values were also observed in the striatum (F(2,10) = 15.95, *p* \< 0.001), dorsal hippocampus (F(2,10) = 5.94, *p* = 0.020), and parietal cerebral cortex (F(2,10) = 7.52, *p* = 0.010) of male guinea pigs. Post-hoc statistical analysis indicated that, in these three ROIs, while T~2~ values were comparable between juvenile and adolescent ages, they were significantly lower at PND 118--123 than at PND 18--25 and/or PND 46--51 ([Figure 6](#brainsci-10-00365-f006){ref-type="fig"}B,E,F). T~2~ values from the thalamus or amygdala did not vary significantly with age ([Figure 6](#brainsci-10-00365-f006){ref-type="fig"}C,D).

4. Discussion {#sec4-brainsci-10-00365}
=============

This study is the first to use T2 relaxometry, diffusivity, and kurtosis measures to characterize the postnatal maturation of cortical and subcortical structures in a cohort of male guinea pigs. Data presented here demonstrate that, as male guinea pigs mature from juvenile ages to young adulthood, the brain grows primarily in the anterior-posterior (AP) axis. In the whole brain and in different cortical and subcortical regions, especially the dorsal hippocampus and the striatum, there are age-related increases in gaussian water diffusion along the axial direction that are accompanied by reductions in water diffusion along the radial axis. There are also age-dependent increases in non-Gaussian diffusion/kurtosis along both the axial and radial directions in most brain regions, except in the parietal cerebral cortex, where non-Gaussian/kurtotic water diffusion along the radial axis decreases from the juvenile to the adolescent ages. Possible structural characteristics that underlie these findings are discussed hereafter.

In agreement with prior histological studies \[[@B5-brainsci-10-00365],[@B37-brainsci-10-00365]\], the longitudinal volumetric analysis presented here indicates that, during maturation from the juvenile to young adult ages, the guinea pig brain grows primarily in the AP direction. This brain growth pattern has also been noted in an albino mouse model, wherein age-related growth occurs primarily in the AP axis, not in the other axes \[[@B38-brainsci-10-00365]\]. It remains to be determined whether this is merely a function of cranial bone growth and/or encoded in the actual maturation of the brain. Of interest, brain growth during postnatal development in humans is more symmetrical, with little deviation in overall length or shape compared to the other axes \[[@B4-brainsci-10-00365],[@B39-brainsci-10-00365]\].

DKI methods applied to the whole brain provided unique insights regarding the postnatal maturation of the guinea pig brain. First, they revealed an age-dependent increase in whole brain FA and AD, accompanied by an age-dependent decrease in RD. These findings could be explained by the flow of periaxonal cytoplasm becoming more limited to a preferred direction as axons elongate and myelin integrity increases with the maturation of the animals from juvenile to young adult ages. Similar results have been reported in studies of the brain of other rodent species and of humans \[[@B28-brainsci-10-00365],[@B40-brainsci-10-00365],[@B41-brainsci-10-00365],[@B42-brainsci-10-00365],[@B43-brainsci-10-00365]\]. Second, they also revealed that whole brain MK, AK, and RK were significantly larger at young adult ages than at the juvenile and adolescence ages. Previous studies have suggested that an increase in kurtosis values is reflective of an increase in microstructural tissue complexity \[[@B13-brainsci-10-00365],[@B28-brainsci-10-00365],[@B44-brainsci-10-00365]\].

Among the ROIs examined, the corpus callosum, amygdala, striatum, and thalamus showed the strongest age-related increases in gaussian water movement (as measured by FA), especially along the axial direction (as measured by AD), in addition to the most pronounced age-dependent increases in non-gaussian water movement (as measured by AK, RK, and MK). By contrast, FA and AK increased only slightly, while AD, RK, and MK remained unchanged as the guinea pig dorsal hippocampus matured from the juvenile age to adulthood. In these five ROIs, RD decreased significantly between juvenile and young adult ages. Altogether, these results indicate that FA, as well as diffusivity and kurtosis measures, are sensitive to the age-dependent maturation of white matter-predominant brain regions such as the corpus callosum and gray matter-enriched regions, such as the striatum, thalamus, amygdala, and dorsal hippocampus, that have a large fraction of linear axonal tracts.

In the guinea pig parietal cerebral cortex, on the other hand, FA and AD were insensitive to the postnatal age of the animals. This is consistent with previous studies of the rat and human brain, wherein diffusivity measures remained unchanged in the cerebral cortex during postnatal neurodevelopment \[[@B41-brainsci-10-00365],[@B42-brainsci-10-00365]\]. In contrast, RK decreased significantly in the parietal cerebral cortex, as guinea pigs matured from the juvenile to the adolescent age and remained unchanged thereafter, while AK increased significantly from the juvenile age to young adulthood. Thus, compared to diffusivity measures, kurtosis measures appear to more accurately resolve the age-dependent maturation of isotropic diffusion barriers in gray matter-enriched areas that, like the parietal cerebral cortex, have large numbers of crossing axonal fibers.

The age-related increase in parietal cerebral cortical AK could be partly explained by the age-dependent increased complexity of intracellular membranes and organelles in the guinea pig cerebral cortex. In fact, an earlier study reported that the height and width of pre- and postsynaptic specializations within the cerebral cortex of guinea pigs increased from late fetal ages to PND 14 \[[@B45-brainsci-10-00365]\]. On the other hand, the age-related reduction of RK is consistent with the following processes also known to take place during brain maturation: (i) transition of radial glial cells to mature astrocytes, (ii) increased axonal myelination, and/or (iii) increased neuronal dendritic complexity \[[@B46-brainsci-10-00365]\]. This is supported by a number of earlier histological findings. Specifically, the ratio of satellite perineuronal glia to neuronal cells in the guinea pig brain has been reported to increase significantly from 0.88 at 1 month of age to 1.24 at 62 months of age \[[@B47-brainsci-10-00365]\]. Likewise, myelination in the guinea pig brain reportedly increases with postnatal age at least up to PND 40 \[[@B5-brainsci-10-00365]\], and the diameter of the head and neck of dendritic spines of cerebral cortical neurons increases in guinea pigs from newborn to adult ages \[[@B48-brainsci-10-00365]\].

In gray matter- and in white matter-enriched ROIs, particularly the corpus callosum, parietal cortex, dorsal hippocampus, and striatum, T~2~-relaxation time decreased significantly as the guinea pigs matured from juvenile to young adult ages. The amount of water in the different brain regions and its interaction with the surrounding microenvironment are known to influence T~2~ \[[@B49-brainsci-10-00365]\], with conditions that restrict water diffusion leading to the reduction of T~2~ values. As such, T~2~ reductions could be explained in part by increasing myelination and cellular compaction in many ROIs during postnatal brain maturation \[[@B29-brainsci-10-00365],[@B50-brainsci-10-00365]\]. However, the previously reported age-dependent decrease in water content of the brain of guinea pigs \[[@B30-brainsci-10-00365],[@B32-brainsci-10-00365]\] is likely to be an equally important determinant of the age-related reduction of T~2~ during the postnatal maturation of different ROIs in the male guinea pig brain. Future histological analyses are needed to identify the exact processes that contribute to the age-dependent T~2~ reductions reported here.

The present study has some important limitations. First, the EPI distortion in the DKI images required the use of an ROI-based analysis, thus precluding the analysis of contrast maps. In future studies, issues with EPI distortion may be addressed with pre-processing steps including blip-up/blip down and diffeomorphic registration to structural images \[[@B51-brainsci-10-00365]\]. Second, the wide (1-mm) slice thickness, which was necessary to minimize the time that animals spent under anesthesia and in the MR scanner, precluded the segmentation and detailed regional volumetric analysis. Third, the longitudinal within-subject study design precluded histological verification of the anatomical differences across ages. In future studies, a standalone *in vivo* imaging session or post-mortem acquisitions at 7T at each age could yield excellent resolution and contrast suitable for generating high-resolution atlases, as well as provide the opportunity for the histological verification of age-specific anatomical characteristics. Fourth, despite the precise measurements and narrow standard deviations shown in this study, the small sample size still calls for further validation. In addition, the study was limited to the analysis of the developing male guinea pig brain; an analysis of the developing female guinea pig brain is warranted. Finally, we cannot rule out the possibility of potential developmental confounds related to isoflurane administration at each MR acquisition \[[@B52-brainsci-10-00365],[@B53-brainsci-10-00365]\]. However, the previous histological findings discussed above agree with the age-dependent imaging measures obtained in the present study. Despite these limitations, the present study does provide new information regarding the guinea pig brain development that can be useful to guide future studies.

Numerous studies have reported the unique value of MRI, DTI, and DKI measures as biomarkers of the progression and severity of cognitive dysfunctions in pathological conditions, including AD, mild cognitive impairment, and organophosphorus-induced developmental neurotoxicity \[[@B17-brainsci-10-00365],[@B54-brainsci-10-00365],[@B55-brainsci-10-00365]\]. For example, most DKI parameters were found to be significantly reduced in gray and white matter-enriched brain regions of patients suffering from AD compared to age-matched controls and to correlate with the severity of the cognitive deficits presented by those patients \[[@B26-brainsci-10-00365]\]. Likewise, volume and cortical thickness of different brain regions were found to be reduced among children prenatally exposed to the organophosphorus insecticide chlorpyrifos, and to correlate with the decreased global intellectual quotient of these children \[[@B54-brainsci-10-00365]\]. Considering the translational relevance of the guinea pig in preclinical studies of disorders that afflict development and the adult brain \[[@B1-brainsci-10-00365],[@B2-brainsci-10-00365],[@B3-brainsci-10-00365]\], the present characterization of the age dependence of T~2~, DTI, and DKI measures lays the groundwork for future studies aimed at identifying neuroimaging biomarkers of the onset and progression of these pathological conditions.

In summary, analysis of T2- and diffusion-weighed images revealed that whole brain volume, gray and white matter integrity, and microstructural complexity increase to various extents in different ROIs, as the guinea pig brain matures postnatally. In white matter-rich ROIs and in gray matter-enriched ROIs containing a sizable fraction of longitudinal white matter tracts, FA and diffusivity measures were very sensitive to age. In contrast, in gray matter-rich ROIs that have a large fraction of crossing axons, T~2~ relaxometry and kurtosis measures were more sensitive to age.
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![Example of T2 Volumetric Images. Representative T2-weighted image showing coronal, sagittal, and axial views of an adolescent guinea pig brain. Left--right orientation is as shown in the coronal image, the anterior (rostral) portions of the brain face upwards in the sagittal and axial views. Image created in MRIcroGL v1.2.](brainsci-10-00365-g0A1){#brainsci-10-00365-f0A1}

![Example of DKI Contrasts. Shown are three identical coronal slices of a normal adult guinea pig brain viewed using the three main DKI parametric images including fractional anisotropy image (**a**), mean diffusivity image (**b**), and mean kurtosis image (**c**). Brighter areas of the image indicate a higher value/intensity in the indicated DKI parameter. In this medial slice, the cortex, hippocampus, and thalamus can be seen looking from top to bottom in each image. Image created in FSLview thresholded at 0 (lowest) and 1 (highest).](brainsci-10-00365-g0A2){#brainsci-10-00365-f0A2}

![Representative mean diffusivity (MD) and T2-weighed images with delineated regions of interest (ROIs). (**A**) ROIs used for diffusion tensor imaging (DTI) and diffusion kurtosis (DKI) analyses were manually outlined on the MD image. (**B**) ROIs used for T2 relaxometry were manually outlined on a matching T2 image (left, showing cortical ROI). The slope of the ROI intensity over multiple echo times (TE) within the image was automatically plotted and fitted to arrive at the calculated T2 relaxation time.](brainsci-10-00365-g001){#brainsci-10-00365-f001}

![Age dependence of T~2~, fractional anisotropy, diffusivity, and kurtosis measures in the whole brain of male guinea pigs. Graphs illustrate the age dependence of T~2~ (**A**), fractional anisotropy (FA) (**B**), diffusivity measures (**C**), and kurtosis measures (**D**) in the guinea pig brain. Symbols and error bars represent mean and SD of results obtained from 6 guinea pigs examined longitudinally at postnatal day (PND) 18-25 (juvenile), PND 46-51 (adolescent), and PND 118-123 (adult). Whenever ANOVA revealed a significant effect of age on a given parameter, the Tukey post-hoc test was used for multi-group comparisons. Asterisks and daggers are used for comparison with data obtained at PND 18-25 and PND 46-51, respectively. \*, *p* \< 0.05, \*\*, *p* \< 0.01, \*\*\*, *p* \< 0.001; †††, *p* \< 0.001.](brainsci-10-00365-g002){#brainsci-10-00365-f002}

![Age dependence of fractional anisotropy (FA) in different ROIs of the male guinea pig brain. Graphs illustrate the age dependence of FA in the corpus callosum (**A**), striatum (**B**), thalamus (**C**), amygdala (**D**), hippocampus (**E**), and cerebral cortex (**F**) in the brain of male guinea pigs. Symbols and error bars represent mean and SD of results obtained from six guinea pigs, examined longitudinally at PND 18-25, PND 46-51, and PND 118-123. Whenever ANOVA revealed a significant effect of age on a given parameter, the Tukey post-hoc test was used for multi-group comparisons. Asterisks and daggers are used for comparison with data obtained at PND 18-25 and PND 46-51, respectively. \*, *p* \< 0.05, \*\*, *p* \< 0.01, \*\*\*, *p* \< 0.001; †, *p* \< 0.05; ††, *p* \< 0.01.](brainsci-10-00365-g003){#brainsci-10-00365-f003}

![Age dependence of axial, radial, and mean diffusivity (AD, RD, and MD, respectively) in different ROIs of the male guinea pig brain. Graphs illustrate the age dependence of AD, RD, and MD in the corpus callosum (**A**), striatum (**B**), thalamus (**C**), amygdala (**D**), hippocampus (**E**), and cerebral cortex (**F**), in the brain of male guinea pigs. Symbols and error bars represent mean and SD of results obtained from six guinea pigs examined longitudinally at PND 18-25, PND 46-51, and PND 118-123. Whenever ANOVA revealed a significant effect of age on a given parameter, the Tukey post-hoc test was used for multi-group comparisons. Asterisks and daggers are used for comparison, with data obtained at PND 18-25 and PND 46-51, respectively. \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001; †, *p* \< 0.05; ††, *p* \< 0.01.](brainsci-10-00365-g004){#brainsci-10-00365-f004}

![Age dependence of axial, radial, and mean kurtosis (AK, RK, and MK, respectively) in different ROIs of the male guinea pig brain. Graphs illustrate the age dependence of AK, RK, and MK in the corpus callosum (**A**), striatum (**B**), thalamus (**C**), amygdala (**D**), hippocampus (**E**), and cerebral cortex (**F**) in the brain of male guinea pigs. Symbols and error bars represent mean and SD of results obtained from six guinea pigs examined longitudinally at PND 18-25, PND 46-51, and PND 118-123. Whenever ANOVA revealed a significant effect of age on a given parameter, the Tukey post-hoc test was used for multi-group comparisons. Asterisks and daggers are used for comparison, with data obtained at PND 18-25 and PND 46-51, respectively. \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001; †, *p* \< 0.05; ††, *p* \< 0.01.](brainsci-10-00365-g005){#brainsci-10-00365-f005}

![Age dependence of T2 measures obtained from different ROIs of the male guinea pig brain. Graphs illustrate the age dependence of T~2~ measures obtained from the corpus callosum (**A**), striatum (**B**), thalamus (**C**), amygdala (**D**), hippocampus (**E**), and cerebral cortex (**F**) in the brain of male guinea pigs. Symbols and error bars represent mean and SD of results obtained from six guinea pigs examined longitudinally at PND 18-25, PND 46-51, and PND 118-123. Whenever ANOVA revealed a significant effect of age on a given parameter, the Tukey post-hoc test was used for multi-group comparisons. Asterisks and daggers are used for comparison, with data obtained at PND 18-25 and PND 46-51, respectively. \*, *p* \< 0.05, \*\*, *p* \< 0.01, \*\*\*, *p* \< 0.001; ††, *p* \< 0.01; †††, *p* \< 0.001.](brainsci-10-00365-g006){#brainsci-10-00365-f006}
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###### 

Summary of Body Weight and Whole Brain Volumetrics.

  Measures                        [Juvenile]{.ul}   [Adolescent]{.ul}   [Adult]{.ul}     
  ------------------------------- ----------------- ------------------- ---------------- -------------
  **Body Weight (g)**             230.9 ± 26.5      435.3 ± 25.3        806.9 ± 36.9     **\<0.001**
  **Volume (mm^3^)**                                                                     
  **Intracranial**                3512.4 ± 164.0    4045.8 ± 163.8      4530.8 ± 133.5   **\<0.001**
  **Parenchyma**                  3347.7 ± 153.6    3829.7 ± 159.1      4282.9 ± 141.4   **\<0.001**
  **Cerebrospinal Fluid (CSF)**   164.7 ± 31.7      216.1 ± 28.8        247.9 ± 17.2     **\<0.001**
  **Brain Length (mm)**           33.5 ± 1.2        36.5 ± 0.5          38.5 ± 0.8       **\<0.001**
  **Brain Width (mm)**            20.4 ± 0.4        21.4 ± 0.3          22.1 ± 0.4       **\<0.001**
